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Available online xxxxSurface area and ﬂuid permeability are two key properties of porous metals in many applications. However, it is
extremely difﬁcult to achieve both high surface area and ﬂuid permeability in conventional porousmetals. In this
work, we developed a synergeticmanufacturing process by combining space holder and dealloyingmethods and
produced bulk hierarchical porous Cu samples containing micro-pores and nano-pores. The hierarchical porous
Cu possesses high electroactive, real and Brunauer–Emmett–Teller surface areas of 0.11, 7.02 and 10.62m2/g, re-
spectively, a high permeability of 9.5 × 10−10 m2 and a low form drag coefﬁcient of 400 m−1.Keywords:
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PermeabilityPorous metals have many applications, e.g., ﬁltration, acoustic ab-
sorption, heat management, catalysis, energy generation and storage,
due to their unique structures and properties [1–3]. Surface area and
ﬂuid permeability of porous metals are key properties particularly im-
portant for electrochemical applications. Surface area determines the
site size for reaction or charge storage and therefore affects current den-
sity and performance [4,5]. High permeability facilitates heat and mass
transfer within porous metals [6–8]. Porous metals with both high sur-
face area and permeability are excellent current collectors/catalyst sup-
ports in fuel cells [9].
It is extremely difﬁcult to maximize both surface area and perme-
ability of porous metals manufactured by conventional manufacturing
processes. Porous metals with milli- and micro-scale pores, produced
by loose powder sintering [10], investment casting [11], chemical
vapor deposition [12], space holder methods [13,14] or selective laser
melting [15], have low surface areas less than 2 m2/g [16–18] and
high permeabilities in the range of 10−14–10−9 m2 [19–21]. In contrast,
porous metals with nanoscale pores, normally produced by chemical
dealloying [22–25], provide much higher surface areas up to 102 m2/g
[26,27] but very low permeability. In fact, no studies on the ﬂuid perme-
ability of nanoporous metals have been reported in the literature.
Several processes, such as dealloying/plating/redealloying [28],
multi-phase precursor dealloying [29,30] and templating/dealloying
process [26], can produce multiple-length scale porous metals. How-
ever, the large pores produced by these processes are normally smaller
than several decades of microns and are rarely controllable.
In this paper, we produced hierarchical porous Cu samples contain-
ing both micro- and nano-pores, by combining the Lost CarbonateSintering (LCS) method [14] and chemical dealloying for the ﬁrst time.
We measured the surface areas and ﬂuid permeability and studied the
effects of dealloying conditions on the nanoporous structure. We com-
pared the hierarchical and micro-porous structures to elucidate the dif-
ferent roles played by the micro- and nano-pores. This study creates a
new route for manufacturing hierarchical porous metals with high sur-
face area and good ﬂuid permeability and provides useful insights into
the complementary functions of micro- and nano-pores.
The hierarchical porous Cu samples were manufactured by a new
process combining LCS and chemical dealloying (Fig. S1). Pure Cu and
Zn powders were ﬁrst mixed at an atomic ratio of 1:1 and further
mixed with 50, 60, 70 or 80 vol% of spherical K2CO3 powder with a par-
ticle size range of 200–450 μm. The mixture was sealed in a cylindrical
steel tube, compacted at 200 MPa and sintered at 850 °C for 4 h. The
K2CO3 particles were subsequently removed by dissolution in water.
The obtained samples were cut into different sizes: 20 × 30 × 5 mm3
(for permeability measurements), 5 × 5 × 2.5 mm3 (for surface area
measurement) and 5 × 5 × 4.5 mm3 (for thickness effect comparison).
The porous CuZn alloy samples were immersed in HCl to dissolve Zn
and dried after each dealloying operation. The dealloying parameters
were: HCl concentration (5 and 7 M), temperature (20, 35 and 50 °C)
and time (0−320h). For comparison, a non-dealloyed porous Cu (ND
Cu) sample containing micro-pores only, with a porosity of 0.80, was
manufactured using Cu powder, following the above procedure but
without dealloying.
The measurements of electroactive and real surface areas were per-
formed in a three-electrode electrochemical cell using a saturated calo-
mel electrode (SCE) as the reference electrode, a platinum coil as the
counter electrode and 0.1 M KOH as the background electrolyte. The
electroactive surface area was measured by the cyclic voltammetry
peak current method [16,17]. The chemical reaction employed was Cu
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[31,32]. At a scan rate of 0.01 V/s, the electroactive surface area can be
calculated by the peak current at a potential of 0.3 V divided by
2.836 A/m2 [17]. The real surface area was measured by the cyclic volt-
ammetry double layer capacitance method [16,17] in the potential
range of −0.9 to −0.6 V at a scan rate of 0.01 V/s. The BET surface
area measurements were conducted in a 3-Flex 3500 gas sorption
analyser at 77 K using the nitrogen adsorption method. The samples
were degassed at 300 °C under vacuum for 3 h before the
measurements.
The permeability and form drag coefﬁcient measurements were
conducted in a purpose-built apparatus [7]. The porous sample was
inserted in a polytetraﬂuroethylene channel and water was forced to
ﬂow through the sample. The ﬂow rate of water was measured by a
ﬂowmeter with a measurement range of 0.1–1.5 L/min. The inlet and
outlet water pressures were measured by two pressure transducers
placed in either side of the porous sample. The permeability, K (m2),
and form drag coefﬁcient, C (m−1), of the porous samples were deter-
mined using the Forchheimer equation [33]:
ΔP
L
¼ μ
K
V þ ρCV2 ð1Þ
where ΔP is the difference between the inlet and outlet water pressures
(Pa), L is the length of the porous sample (m), μ is the viscosity of water
(8.9 × 10−4 Pa s), ρ is the density of water (997 kg/m3) and V is the
Darcian velocity (m/s), which is volume ﬂow rate divided by the
cross-sectional area of the porous sample.
The weight of the porous CuZn alloy samples during dealloying de-
creased nearly linearly with dealloying time until all Zn was dissolved.
The times for complete dissolution of Zn under the conditions of 5 M
HCl (20 °C), 5 M HCl (35 °C), 5 M HCl (50 °C) and 7 M HCl (20 °C)
were 280, 120, 35 and 100 h, respectively. Raising temperature or in-
creasing HCl concentration accelerated the Zn dissolution. Samples
with different thicknesses had a similar Zn removal time (Fig. S2). This
is because the etchant penetrates the samples through the micro-
pores so that the dealloying reaction takes place on both the internal
and external surfaces. Thus, sample thickness is no longer a hindrance
to the dealloying process and bulk hierarchical nanoporous metals can
be manufactured in a short time.Fig. 1.Microstructure of the hierarchical porous Cu. SEM images of a hierarchical porouFig. 1 shows themicrostructure of the hierarchical porous Cu sample
dealloyed in 5 M HCl at 20 °C for 320 h, with a primary porosity of 0.53
and a secondary porosity of 0.25. The primary porosity is the porosity
before dealloying (measured by the Archimedes' method) and the sec-
ondary porosity is the porosity formed due to dealloying (calculated
from the weight loss). The porous structure consists of interconnected
micro-pores (Fig. 1a), which are replicas of the K2CO3 particles and
have a size of 200–450 μm. The Cu matrix both inside and outside the
micro-pores have rough surfaces (Fig. 1b), consisting of numerous
nano-sized ligaments and pores (Fig. 1c and d) formed by the
dealloying.
Fig. 2 shows the effects of dealloying conditions on the nanoporous
structure. The nano-ligament and nano-pore sizes were measured by
Image J over 50 sites for each SEM image. The ligament size was taken
as the thickness of the remaining Cu ligament, while the nano-pore
size was estimated by the shortest distance between the adjacent liga-
ments. It is obvious that increasing temperature or increasing HCl con-
centration increases the nano-ligament and nano-pore sizes. In 5 M
HCl, the mean nano-ligament and nano-pore sizes increase from 243
and 231 nm to 309 and 250 nm, and further to 367 and 398 nm, as
the dealloying temperature was increased from 20 °C to 35 °C and fur-
ther to 50 °C, respectively. Dealloying in 7 M HCl at 20 °C increased
the mean nano-ligament and nano-pore sizes considerably to 464 and
572 nm, respectively.
The changes in the nano-ligament and nano-pore sizes arise from
the effects of temperature and etchant concentration on the diffusion
rate of Cu. According to the continuum dealloying model proposed by
Erlebacher et al. [34], the nano-ligaments and nano-pores are formed
due to the aggregation of the more noble element (Cu) by diffusion on
the electrolyte/solid interface. Raising dealloying temperature enhances
the Cu atomic diffusion and therefore increases the nano-ligament and
nano-pore sizes [35,36]. The temperature effect was well demonstrated
by the work of Qian and Chen [37] who successfully produced ultraﬁne
nano porous gold by dealloying at a low temperature. Similarly, increas-
ing HCl concentration can lower the activation energy of Cu diffusion
due to chemisorption of chloride ions at the surface, increasing the Cu
atomic diffusion rate and therefore coarsening the nano-ligaments
and pores [38,39].
The process developed in this work can produce highly controllable
hierarchical porous structures. The micro-pore size and primarys Cu sample taken at different magniﬁcations: a) 40, b) 300, c) 3000 and d) 30,000.
Fig. 2. SEM image (left), nano-ligament size (middle) and nano-pore size (right) distributions of hierarchical porous Cu samples dealloyed under different conditions: a) 5MHCl at 20 °C,
b) 5 M HCl at 35 °C, c) 5 M HCl at 50 °C, and d) 7 M HCl at 20 °C.
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of the K2CO3 particles, while the nano-pore size and secondary porosity
can be adjusted by changing the dealloying conditions. Because the LCS
process is applicable to manymetal systems, including Ni, Cu, Ti, Al and
Fe [14], and so does chemical dealloying, e.g., Au\\Ag, Au\\Al, Pt\\Al,Ni\\Al, Ni\\Mn and Cu\\Al [22,23], the synergetic process can be ap-
plied to a wide range of metals and alloys.
Fig. 3a, b and c present the peak current, charge/discharge current
and nitrogen absorption used for determining the electroactive, real
and BET surface areas, respectively, for the hierarchical porous Cu
Fig. 3. Electroactive (a), real (b) and BET (c) surface area measurements for the hierarchical porous Cu and ND Cu samples. (d) Comparison of surface areas.
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0.25. These parameters decrease with increasing dealloying tempera-
ture or decreasing HCl concentration, indicating negative effects of tem-
perature and HCl concentration on the electroactive, real and BET
surface areas. Fig. 3d compares the surface areas of the hierarchical po-
rous Cu under different dealloying conditions, aswell aswith the NDCu.
In 5 M HCl, the electroactive, real, BET surface areas of the hierarchical
porous Cu dealloyed at 20 °C are 0.11, 7.02, 10.62 m2/g, respectively.
As the temperature was increased to 35 °C and further to 50 °C, the
electroactive, real, BET surface areas decreased to 0.11, 6.41, 9.33 m2/g
and further to 0.10, 6.26, 6.75 m2/g, respectively. Increasing dealloying
temperature from 20 to 50 °C decreases the electroactive, real and BET
surface areas by about 9%, 11% and 30%, respectively. The effects of
HCl concentration on the surface areas are even stronger. Increasing
HCl concentration from 5 to 7 M, at the same dealloying temperature
of 20 °C, decreases the electroactive, real and BET surface areas by
30%, 50% and 60%, respectively. The effects of dealloying temperature
and etchant concentration on surface areas can be attributed to the
changes in the nano-ligament and nano-pore sizes. A higher dealloying
temperature or HCl concentration results in a larger nano-ligament size
and a larger nano-pore size (Fig. 2), which lead to lower surface areas,
especially the real and BET ones.
For comparison, the electroactive, real and BET surface areas of the
ND Cu are 0.01, 0.11 and 0.35 m2/g, respectively (Fig. 3d). It means
that the electroactive, real and BET surface areas of the hierarchical po-
rous Cu samples are up to 11, 60 and 30 times of those of theNDCu sam-
ple with a similar total porosity, indicating that the surface area
increments mainly come from the secondary porosity (nano-pores)
rather than the primary porosity (micro-pores). It is also interesting to
note that the real surface area is 45–60 times of the electroactive surface
area for the hierarchical porous Cu samples, compared to 11 times forLCS porous Cu samples containing micro-pores only [16,17]. This
means that nano-pores have a stronger enhancing effect on the real sur-
face area that is at a smaller length scale than the electroactive surface
area that is at a larger length scale.
Fig. 4a plots the length-normalised pressure drop (ΔP/L) as a func-
tion of Darcian ﬂow velocity (V) for four porous CuZn samples, with pri-
mary porosities of 0.53, 0.62, 0.73 and 0.82, after different dealloying
times of 0, 40, 80 and 120 h in 5MHCl at 35 °C. For each primary poros-
ity, increasing dealloying time results in increases in the secondary po-
rosity and the total porosity. At the same ﬂow velocity, the length-
normalised pressure decreases rapidlywith increasing primary porosity
and dealloying time, indicating that both primary and secondary poros-
ities can make the sample more permeable.
Fig. 4b and c show the permeability and form drag coefﬁcient of the
four porous CuZn samples after different dealloying times as a function
of total porosity, obtained by ﬁtting the plots in Fig. 4a to Eq. (1). Al-
though increasing total porosity generally increases permeability and
decreases form drag coefﬁcient, it is clear that primary and secondary
porosities have considerably different degrees of effect. The permeabil-
ity of the non-dealloyed samples,where the total porosity is equal to the
primary porosity, increases exponentially and the form drag coefﬁcient
decreases exponentially with increasing porosity, in agreement with
the literature [19,40]. For any sample, the permeability increases and
the form drag coefﬁcient generally decreaseswith increasing dealloying
time, i.e., with increasing secondary porosity. However, the effects of in-
creasing secondary porosity on the permeability and form drag coefﬁ-
cient are much less than those of increasing primary porosity. Take
the sample with a primary porosity of 0.53 as an example. Complete
dealloying for 120 h generates a secondary porosity of 0.25, resulting
in a total porosity of 0.78. The permeability increases from 6.69
× 10−11 to 9.37 × 10−11 m2, i.e., by 40%, while the form drag coefﬁcient
Fig. 4. a) Length-normalised pressure drop (ΔP/L) versus Darcian ﬂow velocity (V) curves for four porous CuZn samples after different dealloying times. b) Permeability and c) form drag
coefﬁcient of these samples, obtained from graph a, as a function of total porosity. Note: the sample with a primary porosity of 0.82 was only measured before dealloying and after
dealloying for 40 h because the structure after further dealloying was too fragile to stand the ﬂuid pressure.
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primary porosity from 0.53 to 0.78, the permeability would increase to
4.5 × 10−10 m2 (by 570%) and the form drag coefﬁcient would decrease
to 0.3 × 104m−1 (by 90%), as estimated from the ﬁttedK and C curves in
Figs. 4b and c. In other words, for the same porosity increment of 0.25,
the efﬁciency of the secondary porosity is about 7% of the primary po-
rosity for permeability and 30% for form drag coefﬁcient. This difference
is understandable, because nano-pores exert greater friction and resis-
tance to the ﬂuid ﬂow than micro-pores.
It is worth noting that the degrees of the effect of secondary po-
rosity on permeability and form drag coefﬁcient are different and
are also dependent on the primary porosity. At a low primary poros-
ity (e.g. 0.53), increasing secondary porosity increases permeability
only slightly but decreases form drag coefﬁcient markedly. At a
high primary porosity (e.g. 0.73), increasing secondary porosity in-
creases permeability more noticeably but has little effect on form
drag coefﬁcient.
In summary, bulk hierarchical porous Cu containing both micro-
(200–450 μm) and nano-pores (200–600 nm) has been produced suc-
cessfully by a newly-developed synergetic manufacturing process com-
bining Lost Carbonate Sintering and chemical dealloying. The
hierarchical porous Cu has high electroactive, real and BET surface
areas of 0.11, 7.02 and 10.62 m2/g, respectively, which are up to 60
times higher than a conventional porous Cu containing only micro-
pores. The hierarchical porous Cu has a permeability of 6. 5 × 10−11–
9.5 × 10−10 m2 and a form drag coefﬁcient of 400–30,000 m−1, mainly
due to themicro-pores. The contributions of nano-pores to permeability
and form drag coefﬁcient are only about 7% and 30%, respectively, of
those of the micro-pores.Funding
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